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Abstract: The combination of metallic nanostructures with two-dimensional transition metal dichalco-
genides is an efficient way to make the optical properties of the latter more appealing for opto-
electronic applications. In this work, we investigate the optical properties of monolayer WS, flakes
grown by chemical vapour deposition and transferred onto a densely-packed array of plasmonic Au
nanoparticles (NPs). The optical response was measured as a function of the thickness of a dielectric
spacer intercalated between the two materials and of the system temperature, in the 75-350 K range.
We show that a weak interaction is established between WS, and Au NPs, leading to temperature-
and spacer-thickness-dependent coupling between the localized surface plasmon resonance of Au
NPs and the WS; exciton. We suggest that the closely-packed morphology of the plasmonic array
promotes a high confinement of the electromagnetic field in regions inaccessible by the WS, deposited
on top. This allows the achievement of direct contact between WS, and Au while preserving a strong
connotation of the properties of the two materials also in the hybrid system.

Keywords: plasmonics; 2D materials; hybrid systems; micro-optical spectroscopies

1. Introduction

Among two-dimensional (2D) materials, transition metal dichalcogenides (TMDCs)
arouse great interest due to the variety of physico-chemical properties they can offer [1-4].
Within the group-VI semiconducting TMDCs [5], such as Mo- and W-based sulphides and
selenides, thinning down to the three-atom-thick monolayer (ML) leads to an indirect-
to-direct bandgap transition [6,7]. Moreover, the energy gap at the two inequivalent K
points of the hexagonal Brillouin zone falls in the visible-light range [8,9]. This makes
TMDCs extremely intriguing light-sensitive materials for optoelectronics and photonics
applications [8,10-12].

Within ML-TMDCs, an interesting consequence of the quantum confinement and the
weak dielectric screening from the environment is the presence of tightly-bound excitons,
characterized by binding energies in the order of hundreds of meV [13-18]. As a consequence,
the optical properties of ML-TMDCs are governed by excitons even at room temperature [19,20].
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For practical applications, however, ML-TMDCs exhibit a too weak optical absorbance.
A viable strategy, thus, to increase their absorbance is represented by their integration with
plasmonic nanostructures [21-23]. The electromagnetic-field (EM) confinement and ampli-
fication typical of metallic nano-objects supporting localized surface plasmon resonances
(LSPR), i.e., light-induced collective electron oscillations [24,25], can indeed significantly
strengthen the interaction of light with ML-TMDCs.

Due to the increasing interest in such hybrid systems, diverse solutions have been
proposed for the integration of TMDC flakes with plasmonic materials. Depending on
the application, both double-layer architectures and three-layer sandwich heterostructures
were realized [26]. The first systems are composed of a layer of metallic nanostructures and
a TMDC layer, while, in the latter, a TMDC flake is interposed between a continuous or
nanostructured metal film and a layer of metallic nanostructures. Such hybrid architectures
were exploited to increase the optical absorbance within ML-TMDCs and to control their
PL properties [27-32].

The near-field interaction with plasmonic chiral metasurfaces also proved successful
for the manipulation of TMDC valley-polarized PL [33], while photonic metasurfaces were
used to control non-linear optical processes, e.g., second harmonic generation within 2D-
TMDCs [34,35]. Another effective solution to manipulate optical, electronic and structural
properties of ML-TMDCs is via the plasmon-induced hot electron injection from metallic
nanostructures in contact with 2D semiconductors [36-39], which allows the control of
TMDC exciton binding energy [36] and may lead to a significant bandgap renormaliza-
tion [37].

Additionally, by using ad hoc designed hybrid architectures composed of few-layer
and ML TMDCs integrated with plasmonic resonators, strongly-coupled excitonic-plasmonic
systems were realized, with the possibility of achieving sizable Rabi-like energy splitting at
low and even room temperature [40,41]. More in general, both the morphology and the
geometry of the hybrid system strongly affects the plasmon-exciton coupling regime [42].

In this article, we address the optical response of ML-WS; laid on top of a densely-packed
array of Au NPs, by means of micro-photoluminescence and micro-transmittance spectro-
scopies.

Ultra-dense arrays of metallic NPs are large-area plasmonic systems, which can be
obtained by rather simple and cheap fabrication methods and exhibit tunable optical
characteristics, exploitable for fundamental studies or plasmon-enhanced applications,
such as SPR-enhanced optical spectroscopies or SPR-based sensing [43,44].

The WS; flakes were grown by chemical vapour deposition (CVD) and transferred onto
the plasmonic substrate, where a thickness-graded ultra-thin insulating intercalation layer is
present. We performed temperature-dependent studies in the 75-350 K temperature range
of the hybrid system, unveiling the role of the thermal excitation and of the spacer layer
thickness on the overall response.We concluded that the tight packing of the plasmonic
particles, and the consequently limited EM-field spillout, promotes a weak interaction
between the plasmonic and semiconducting sub-systems. The possibility to combine 2D
TMDCs with densely-packed plasmonic arrays can make these systems promising, for
example, in the field of molecular sensing [45,46].

2. Materials and Methods
2.1. Fabrication of the WSy/Au NPs Hybrid System

The plasmonic substrate is composed of a regular array of Au NPs on lithium fluoride
(LiF) realized by depositing 3 nm of Au film onto a uniaxial pre-nanopatterned LiF (110) sur-
face by molecular beam epitaxy under ultra-high vacuum conditions (ppsse ~10~° mbar),
and annealing the sample to induce solid-state dewetting of the thin film [47,48]. Since the
LSPR depends on many parameters, we optimized the fabrication conditions of the Au NP
array in order to match its LSPR energy to that of the WS, A exciton.

A thickness-graded LiF layer, with the thickness increasing from zero to about 10 nm
over several millimeters, was then evaporated on top of the Au NPs at normal incidence.
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WS, flakes were grown on SiO /Si via liquid-precursor CVD (LqP-CVD) in a two-
zone horizontal furnace (Lenton), following a procedure already detailed in previous
studies [49-51]. Briefly, an aqueous solution containing a tungsten precursor (ammonium
metatungstate hydrate, AMT, Sigma-Aldrich Inc, St. Luis, MO, USA, 463922) was mixed
with an aqueous solution with the growth promoter (NaOH) and iodixanol, used as a
density gradient (Sigma-Aldrich Inc., Opti Prep, D1556) and deionized water, in a ratio
1.5:2:1:2.

The final solution was spin-coated on a SiO,/Si substrate, previously cleaned via
sonication in acetone and isopropanol for 5 min and treated with oxygen plasma [50].
During the growth, the spin-coated substrate was heated at high pressure at 800 °C for
10 min under constant Ar/H flux, while sulphur pellets were maintained at 180-210 °C to
induce their sublimation. At the end of the growth, the reactor was naturally cooled down
under constant Ar flux.

The hybrid system was fabricated by transferring the as-grown WS, flakes onto
the plasmonic substrate by means of a semidry transfer approach, following the same
procedure described in previous works [52,53]. After the transfer, the flakes were randomly
distributed on the sample surface, either in direct contact with the Au NPs or separated
from them by the LiF spacer. A section of the sample was left bare, i.e., without Au NPs, in
order to be able to probe WS, flakes directly deposited on the insulating substrate.

2.2. Variable-Temperature Transmittance Spectro-Microscopy

The samples were placed inside a cryostat with optical access (Optistat CF-V, Oxford
Instruments plc, Tubney Woods, Abingdon, UK), in high vacuum conditions (pys, ~1076
mbar), and their temperature varied in the 75 to 350 K range. White light from a lamp,
linearly polarized along the uniaxial LiF nanogrooves, impinged on the samples and, after
transmission, was collected by a 5x long-working-distance objective and split in two beams.
One of the beams was used for optical imaging, while the other beam was collimated by
a pinhole and coupled to a spectrometer (AvaSpec-ULS2048XL-EVO, Avantes B. V., NS
Apeldoorn, The Netherlands), allowing the measurement of transmittance spectra in the
400-800 nm wavelength range with a lateral resolution of approximately 20 pm.

2.3. Photoluminescence Spectro-Microscopy

The microscopic PL characterization was performed in a Horiba Xplora Plus confocal
Raman microscope, (HORIBA Jobin Yvon GmbH - Bensheim, Bensheim, Germany). A laser
beam with a wavelength of 532 nm and a power of 100 uW was focused with a 10x objective
on the sample surface. The diameter of the laser spot at the surface was approximately
1 um. After light-sample interaction, the light was collected in a back-scattering geometry.
The measurements were performed at room temperature with a spectral resolution of
0.5 nm.

3. Results

Figure 1a shows a representative optical image of the hybrid system acquired with
10x magnification in a region where the WS, flakes are in direct contact with the Au NPs.
The ML-WS,; flakes form a triangular shape with an edge-to-edge length of ~200 um each.
In Figure 1b, a2 x 2 um? atomic force microscopy (AFM) image across the edge of the WS,
flake is shown. Outside the flake, closely packed Au NPs appear, with an average spacing
of 21 £ 2 nm along the uniaxial LiF direction (see Appendix A, Figure Ala,b for details on
the plasmonic substrate).
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Figure 1. (a) Optical image of CVD-grown ML-WS, flake on top of Au NPs on LiF substrate. No LiF
spacer is present in this region. The image was taken with a 10x objective. (b) AFM image of the edge
region between Au NPs and ML-WS;/Au NPs. The scanned area is 2 x 2 um?. (c) Micro-absorbance
spectra of LiF substrate (grey), ML-WS, /LiF (blue), Au NPs/LiF (red) and of the hybrid system ML-
WS, /Au NPs/LiF (solid black). The black dashed lines are the fitting curves of the absorbance spectra
of WS, /LiF and Au NPs/LiF. The resonance features in ML-WS; correspond to A, B and C excitons.
The vertical dashed blue line indicates the A exciton spectral position of ML-WS;,. (d) Micro-PL
spectra of ML-WS, /Au NPs/LiF (black circles) and ML-WS, /LiF (blue circles). The dashed red lines
correspond to the fitting curves.

In Figure 1c, we report representative absorbance spectra of the WS,/ Au hybrid
system, measured at room temperature. Micro-absorbance spectra of the two uncoupled
sub-systems, namely WS, /LiF and Au NPs/LiF, are also shown. The blue curve corre-
sponds to ML-WS, on bare LiF. The A, B and C excitonic peaks of WS; can be seen at
2.019 £ 0.001 eV, 2.415 £ 0.001 eV and 2.847 & 0.003 eV, respectively, in agreement with
the literature [54-57]. The dashed black line is a Lorentzian fit (see Appendix B, Figure A2a
for details), and the solid grey line is the absorbance of the bare LiF substrate.

The red curve shows the absorption spectrum of the Au NP array, with the plasmonic
peak at 2.125 4 0.002 eV [48,58]. The dashed black curve is a Lorentzian fit (see Appendix B,
Figure A2b for details). The solid black line is the absorbance of the ML-WS,/Au NP
heterostructure. The black curve shows features belonging to both the plasmonic Au and
WS;, as already observed for other hybrid systems [59]. A clear evidence of the interaction
between the two sub-systems and, thus, of the fact that the spectrum is not simply the sum
of the absorbances of the separated sub-systems, is the redshift of the LSPR peak, ascribed
to the effective refractive index increase of the optical environment of the NPs [60,61].
A slight redshift of approximately 10 meV is observed also for the A-exciton feature in
the hybrid medium, with respect to the reference WS, /LiF, as highlighted by the vertical
dashed blue line in the graph.

In Figure 1d, we report two representative PL spectra acquired on ML-WS; on Au NPs
(black markers) and on bare LiF (blue markers). The two data sets were normalized to the
respective substrate signal and deconvolved as a superposition of different excitonic contri-
butions (see Appendix C, Figure A3a,b). The black curve peaks at about 2.005 = 0.002 eV,
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whereas the blue curve has its maximum around 2.000 + 0.002 eV, as estimated from the
fitting curves (dashed red lines).

The WS, /LiF system exhibits a Stokes shift approximately 20 meV larger than WS,/ Au
NPs, a fact that can be ascribed to electron doping of the flake and the occurrence of
structural disorder [62,63], which are known to affect the local excitonic properties of
CVD-grown TMDC flakes. Concerning the PL intensity, no remarkable variation is induced
by the Au NPs.

To delve deeper into the properties of the hybrid medium, we investigated the ab-
sorbance as a function of the thickness t of the intercalated LiF layer, from 0 to 10 nm (see
sketch in Figure 2a). The legend next to the sketch shows the spacer thicknesses for which
we extracted the absorbance spectra reported in the graphs of panels (b) and (c). In detail,
in Figure 2b, we report the absorbance spectra, as a function of ¢, of Au NPs alone. For
increasing ¢, from black to yellow, we observe a gradual redshift of the LSPR, quantified in
the inset of Figure 2b. In the inset, the dashed black curve is an exponential fit. The redshift
between t = 0 and t = 10 nm is around 58 meV. The redshift can be understood as being
due to the increase of the effective dielectric function of the environment [64].
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Figure 2. (a) Sketch of the sample. The plasmonic substrate is composed of Au NP chains elongated
along the grooves of the LiF substrate. A LiF dielectric layer with a thickness (t) gradient (from zero
(black) up to 10 nm (yellow)) is interposed between the Au NPs and the WS; flakes, which are spread
on the plasmonic substrate. For the graphs of panels (b—d) the same color code reported in the legend
(from black to yellow in the 0-10 nm f range) is shown. (b) Micro-absorbance spectra of Au NPs/LiF
as a function of t. In the smaller graph the energy position of the Au LSPR as a function of t reported
and fitted by means of an exponential function (black dashed curve). (c) Micro-absorbance spectra of
the ML-WS, / Au NPs heterostructure as a function of ¢. (d) Comparison between the absorbance of
the hybrid system in absence of the LiF spacer (solid black) and in the presence of a 7 nm thick spacer
(solid orange). The dashed curves are the corresponding absorbance spectra of the Au NPs/LiF. The
solid blue line is the spectrum of WS, /LiF, with the energy position of the A exciton marked by the
vertical blue line.

In the hybrid system, the absorbance reported in Figure 2c decreases as a function
of increasing t. We hypothesized that this effect is related to the nano-morphology of
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the capping layer, the thickness of which is ultimately comparable with the NP size and
with the interparticle gaps. This is accompanied by a redshift of the LSPR peak with
respect to Au NPs without WS,, that fades as t increases until stabilizing for ¢ greater than
~7 nm (orange curve), where the two sub-systems apparently cease interacting.

To better appreciate this trend, we overlapped in Figure 2d the absorbance spectra
of the hybrid system when the dielectric spacer is absent (solid black curve) and in the
presence of a 7 nm thick spacer (solid orange curve). In the first case, the LSPR of Au NPs
in the hybrid system undergoes a spectral redshift with respect to the LSPR peak of Au
NPs without WS; (dashed black line). In the presence of a 7 nm thick (or thicker) spacer,
the absorbance of the hybrid system becomes the incoherent sum of the Au NPs (dashed
orange) and ML-WS, (blue) spectra.

Having ascertained the conditions under which an interaction is present between
the two subcomponents at RT, we investigated the temperature evolution of the optical
response of WS, flakes in direct contact with Au NPs. In order to assess correctly the
behaviour of the hybrid system, we began by addressing the temperature response of the
two separated sub-systems in order to later exploit it as a reference.

Figure 3a shows the absorbance spectra of ML-WS, /LiF and of the Au NPs/LiF,
from 75 (black) to 350 K (yellow) in the 1.55-3.10 eV energy range. In ML-WS, /LiF, the
temperature increase induces a redshift, broadening and weakening of the exciton peaks.
This is highlighted in Figure 3c, where some curves at selected T over the A exciton spectral
range are shown. A redshift of about 163 meV is detected in the 75-350 K temperature
range. Within the same temperature interval, the LSPR absorbance peak of the Au NP
array shows a slight broadening and an intensity decrease of about 22% (see Figure 3d).
The spectral position of the LSPR peak remains almost unaltered up to 275 K, at ~2.13 eV,
while it starts blueshifting from RT onward, by approximately 33 meV at 350 K with respect
to 75 K.
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Figure 3. (a) Micro-absorbance spectra in the temperature range 75-350 K (from black to yellow) of
the two sub-systems, Au NPs/LiF and WS, /LiF. (b) Micro-absorbance spectra in the temperature
range 75-350 K (from black to yellow) of the WS, /Au NPs/LiF heterostructure. Zoom in the spectral
region of (c) A exciton of ML-WS, /LiF, (d) the maximum of the LSPR peak of Au NPs/LiF and (e) the
maximum in the absorbance spectra of the hybrid system, WS, /Au NPs/LiF.
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For the WS,/ Au NP heterostructure (see Figure 3b), the T-dependent optical response
is characterized by a trend reminiscent of the superposition of the two uncoupled systems
with some variations due to the interaction of the Au NPs with the WS, flake.

The overall absorbance of the hybrid system stays fairly constant up to RT. Then,
it starts decreasing for higher temperatures. The LSPR-related component, extracted
from the fitting of the hybrid system absorbance spectra (see Figure A2c,d) blueshifts by
approximately 70 meV between LT and 350 K. The A-exciton feature is superimposed on
the LSPR peak and redshifts with increasing T from 2.113 £ 0.002 eV to 1.989 £ 0.002 eV,
crossing the LSPR peak, as displayed in Figure 3e.

4. Discussion

In Figure 4a, we plotted the temperature dependence of the A-exciton (blue markers)
and the LSPR (red markers) energies in the 75-350 K T range for the two uncoupled
sub-systems. The T dependence of the A-exciton energy (E4(T)) can be described in the
framework of the O’Donnell model by using the following equation [65]

EA(T) = EMO)S(FZaJ){cothBZZUH 1}, (1)
in which E4(0) is the A exciton energy at T = 0 K, s takes into account the exciton—
phonon interaction, (fiw) corresponds to the average phonon energy, and kg is the Boltz-
mann constant. By fitting the blue curve in Figure 4a (solid black line), we obtained
E4(0) =2.157 £ 0.002 eV, s =4.4 + 0.2 eV and (hiw) =26 £+ 2 meV, in agreement with the
values reported in literature for similar systems [61,66]. From the graph, we can notice that
the LSPR energy matches the A-exciton energy of standalone WS, /LiF in the 125-175 K
temperature range.

(a) Uncoupled sub-systems (b) Coupled sub-systems
e A exciton, WS,/LiF
— O'Donnell fit
e A exciton, WS,/LiF o A exciton, WS,/Au NPs/LiF
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Figure 4. (a) Trend as a function of temperature of the energy position of the A exciton in ML-WS, /LiF
(filled blue circles) and of LSPR in Au NPs/LiF (filled red circles). The continuous black line is fit to
the A exciton energy by using the O’'Donnell model [65]. (b) Trend as a function of temperature of the
energy position of the A exciton (open blue circles) and of the LSPR of Au NPs (open red circles) in
the WS,/ Au NPs/LiF heterostructure. The A exciton energy of the ML-WS, /LiF sub-system (filled
blue circles) is reported for comparison. Both solid and dashed black lines are fitting curves of the A
exciton energy by using the O’Donnell model.

In Figure 4b, we compare the A-exciton energies in the standalone (filled blue circles)
and coupled case (open blue circles). The exciton redshifts when in contact with the Au NPs,
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with respect to the LiF substrate, and the amount of this redshift decreases for increasing
temperature. Fitting the E4(T) of the hybrid system (black dashed line), we obtained
E4(0) =2.125 4+ 0.003 eV, s = 3.4 £ 0.2 eV and (hw) = 21 £+ 3 meV. The hybrid system
shows a weaker dependence of the exciton energy on temperature compared to WS, /LiF,
in line with previous observations [67], and a remarkable difference in the exciton energy
extrapolated at 0 K [68].

In previous works [68], this was ascribed to the presence of strain within ML-WS;
flakes caused by a thermal expansion coefficient mismatch between the TMDC layer
and the substrate. In addition, TMDC flakes transferred on top of a nanostructured
metallic substrate exhibit local heterogeneities in strain depending on the patterning of the
plasmonic substrate underneath [60,69], thereby, justifying our observations [70].

From Figure 4b, we can notice that the energies of the LSPR and the exciton in the
WS,/ Au system cross each other between 175 and 200 K. The corresponding spectra do not,
however, show any evidence of intermediate or strong-coupling regimes, like the avoided
crossing or the transparency dip typical of Fano-type interference. Concerning this, see, for
example, the purple curve marked by an arrow in Figure 3e acquired at 175 K, in which
the A exciton and LSPR energies match. We note that different excitation conditions in the
micro-transmittance measurements (e.g., out-of-plane polarized light) would not change
the coupling regime, due to spectrally-shifted LSPR modes and the need for in-plane field
components to achieve exciton formation.

The observed behaviour, i.e., the absence of intermediate or strong-coupling despite
the extremely close proximity between the two sub-systems, can be rationalized considering
the Au-NP geometry. This type of NP arrays is indeed characterized by NP densities as
high as 10% NPs/pum?, and interparticle gaps below 10 nm [71]. Accordingly, the EM field
is highly confined in the gaps between the Au NPs; whereas, on top of the NPs, where
the WS, flake lies, the field intensities are usually rather weak. An example of calculating
the distribution of the local electric field intensity on the NP surface for the plasmonic
excitation is reported in Ref. [72]. This suggests that the mutual overlap of the EM near
field that would justify the coupling of excitons in WS, with plasmons is relatively weak,
explaining the experimental observations.

5. Conclusions

In this work, we investigated the optical response of the ML-WS, / Au NPs heterostruc-
ture by means of temperature-dependent optical microscopic spectroscopies. The hybrid
system was composed of CVD-grown WS, flakes transferred on top of a densely-packed
array of Au NPs. We studied the influence of a dielectric spacer with a thickness gradient
inserted between the NPs and the WS; flakes on the optical properties of the system.

Temperature-dependent transmittance measurements with microscopic lateral resolu-
tion were performed to investigate the A exciton and LSPR energy trends in the 75-350 K
temperature interval. The presence of a plasmon—exciton interaction in the weak-coupling
regime can be ascribed to the morphology of the hybrid system and to the fact that the
electromagnetic field is highly confined in the gap region between the Au NPs of the
plasmonic array.

The presence of Au NPs affects the temperature-dependence of the optical bandgap of
ML-WS,, which, compared to the ML-WS; /LiF system, shows a redshift. The observed
trends confirm, once again, the pivotal role of the substrate in affecting the optical properties
of TMDCs.

In general, 2D TMDCs placed on top of an ultra-dense plasmonic substrate can be an
interesting system to be exploited, for example, for applications in the field of molecular
sensing.
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Appendix A. Plasmonic Substrate

In Figure Ala, we report an AFM image to investigate the morphological properties
of the plasmonic substrate. The plasmonic substrate is a densely-packed array of Au NPs
with an areal density of approximately 827 & 15 NPs/um? and a mean NP volume of about
3627 + 64 nm?, as extracted from the digital analysis [47] of the AFM image. In detail, the
Au NP chains elongate along the [001] direction with a mean NP distance of 21 & 2 nm.

The mean NP distance across the chains is about 25 + 2 nm. From the absorbance
spectra of the plasmonic array acquired by linearly polarizing the incident light beam
along (blue) and across (red) the NP chains (see Figure Alb), it can be observed that the
system anisotropy slightly influences the spectral position of the LSPR, which undergoes
a tiny shift of approximately 6 nm by varying the polarization. In the manuscript, all the
micro-transmittance measurements were acquired by using a light beam polarized along
the NP chains.

(a) (b) Energy (eV)
3.0 25 2.0 1.6

02 <> -

Absorbance

0 H L Il L Il L Il L +
400 500 600 700 800
Wavelength (nm)

Figure A1l. (a) AFM image of the plasmonic array of Au NPs. The scanned area is 2 x 2 pum?.
The white arrow indicates the elongation direction of the Au NP chains. The red and blue arrows
correspond to the light linear polarization direction, respectively, parallel and perpendicular to the
Au NP chains. (b) In the graph, the corresponding absorbance spectra are shown.

Appendix B. Deconvolution of Micro-Absorbance Spectra

Figure A2a shows the deconvolution of the micro-absorbance spectrum of ML-WS; /LiF
acquired at RT. The fitting curve (black dashed line) is obtained by the superimposition
of four Lorentzian peaks (dashed blue) on a cubic background (dashed grey curve). In
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detail, the Lorentzian peaks associated to the A, B and C excitons are located, respectively,
at 2.019 4 0.002 eV, 2.415 £ 0.002 eV and 2.847 + 0.002 eV. The micro-absorbance spectrum
of the Au NPs is fitted above 545 nm, where the interband transitions are not present, by
using a single Lorentzian peak (dashed red curve) superimposed on a constant background
(dashed grey line).

In the graphs of Figure A2c,d, we report an example of fitting of the hybrid system
micro-absorbance spectra acquired, respectively, at 75 K (solid black curve, panel (c)) and
350 K (solid yellow curve, panel (d)). The fitting was performed in the spectral region,
which comprises the maximum of the absorbance spectra, by using two Lorentzian peaks,
one for the LSPR of Au NPs (dashed red peak) and the other for the A exciton of ML-WS,
(dashed blue peak, multiplied by 10 in the graph). A constant background was used

(dashed grey line).

(a) Energy (eV) (b) Energy (eV)
30 25 2.0 1.6 30 25 2.0 1.6
T T T T T 7 T ™ 03T T 1 —— T |
— Experimental — Experimental
o 0.1F --- Fit o --- Fit
S g 02
£ 8
o o
b 8 o1
O :‘-~—:'.:~;-‘:-:-f"—:l: ““-- - 0 | | 1
400 500 600 700 800 400 500 600 700 800
Wavelength (nm) Wavelength (nm)
©) Energy (eV) (d) Energy (eV)
30 25 2.0 1.6 30 25 2.0 1.6
L L B S T LI B L A B S -
L / — Experimental i
031 7=75K /\ = 03F T=350K Ei’t(pe”me”ta'
[0] AR “\ [0)) L 2Tan i
o i 3 o : .
c Noh \ i S
8 02 V\/_/ 3 \ I § o2t R -
2 ol N 2 x10 i
a ' \ N 2 i s
< orf NS AL B
0 MEFTCEEMSEEED 0 R N
400 500 600 700 800 400 500 600 700 800
Wavelength (nm) Wavelength (nm)

Figure A2. Deconvolution of the micro-absorbance spectra of (a) ML-WS, /LiF (solid blue), (b) Au
NPs/LiF (solid red), (c) ML-WS, /Au NPs/LiF at T = 75 K (solid black) and (d) ML-WS, /Au NPs/LiF
at T = 350 K (solid yellow). In the graphs, the dashed grey lines correspond to the backgrounds, the
dashed blue peaks to excitonic features (multiplied by 10 in panels (c,d)), the dashed red peak to
the plasmonic resonance and the black dashed lines to the fitting curves (dashed white curve in the

graph of panel (c)) .

Appendix C. Deconvolution of Micro-PL Spectra

In the top graphs of Figure A3a,b, we show the PL spectra, respectively, of ML-
WS, /LiF (blue circles) and ML-WS,/Au NPs/LiF (black circles). To these curves, we
overlapped the spectral response of the bare substrates (dotted grey curves), LiF (panel (a))
and Au NPs/LiF (panel (b)), respectively. The PL spectral deconvolution is shown in the
bottom graph.

The fitting curves are reported as dashed red lines. In detail, two Lorentzian peaks,
corresponding to neutral (A, dark red) and charged exciton (A7, light red), contribute to
the PL of ML-WS,. The energy shift between A and A~ peaks is about 34 meV, and the
full-width at half maximum (fwhm) of A and A~ exciton peaks is approximately 47 and
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90 meV. In addition, the A/A™ intensity ratio is higher for the WS, /LiF system. This may
be caused by a n-type doping coming from the LiF substrate, which may also explain the
higher Stokes shift observed for the WS, /LiF system with respect to the WS, /Au NPs/LiF
system, as discussed in the main text.

In the inset graph, we show some other PL spectra extracted from different regions
of the WS, flakes, respectively, on top of LiF (blue and light blue markers) and of Au NPs
(black and grey circles). As observed in the main text, it seems that the Au NPs do not
affect the PL intensity signal.

(a) Energy (eV) (b) Energy (eV)
2.1 2.0 1.9 2.1 2.0 1.9
Q N, % 400F ~ i
82401 . g ’ '\l |
2 > z 320t SN 1
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= &1 . € 240 0] N
[ [
S 160 o, L .
o ® WS,/LiF \w & 460- @ WS,/Au NPs/LiF i
LiF ? I Au NPs/LiF 1] ® WS,/Au NPs/LIF
1 n 1 n 1 n 1 n n 1 n 1 n 1 n 1 n .WSZ/LIF
- = 2’7\ <
s s .
2 > g g o
= = .5 P o
2 2 = (W =3
2 Q ‘ ‘ ‘ ‘
< < 600 620 640 660
1 1 Wavelength (nm)
o o o %
“‘1.. 1 n 1 n ‘u..l n 1 n 1 n 1 n
600 620 640 660 600 620 640 660
Wavelength (nm) Wavelength (nm)

Figure A3. The top graphs show the PL spectra of (a) ML-WS, /LiF (blue circles) and (b) ML-
WS, /Au NPs/LiF (black circles). The dotted grey curves correspond to the spectral response of the
corresponding bare substrates, LiF and Au NPs/LiF, respectively. The bottom graphs report the
deconvolution of the PL peak after having been normalized to the bare substrate. The PL spectrum is
the sum of neutral (A, dark red) and charged (A~, light red) exciton contributions. The fitting curves
are reported in dashed red. The inset shows some other PL spectra acquired from different spots of
the WS, flakes on LiF (blue and light blue circles) and on Au NPs (black and grey circles).
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